~" Deliberate occlusion of the basilar or vertebral arteries was performed in 201 patients with intracranial aneurysms, where the aneurysmal neck could not be clipped directly. The aneurysms arose from the basilar apex in 83 cases, the basilar trunk in 46, the vertebrobasilar junction in 35, and the vertebral artery in 37; 87% of the aneurysms were classified as giant lesions (> 2.5 cm). There were 85 upper basilar occlusions, 41 lower basilar occlusions, 29 bilateral vertebral occlusions, and 48 unilateral vertebral artery occlusions. The clinical follow-up period varied from 1 to 23 years, with a mean of 9.5 years. Overall long-term results were excellent in 68% of the patients, good in 5%, and poor in 3%; 24% died. Clinical outcome varied according to aneurysm site; excellent or good results were achieved in 64% of the patients with basilar apex, 76% with basilar trunk, 74% with vertebrobasilar junction, and 87% with vertebral artery aneurysms. Clinical outcome also varied depending on preoperative grade: 86% of the patients with an excellent presenting grade achieved excellent results. The size of the posterior communicating arteries was a good predictor of tolerance to basilar artery occlusion (p < 0.05). Successful aneurysm thrombosis was achieved in 78% of the patients.
T HE optimum treatment of intracranial aneurysms is direct clipping of the aneurysmal neck, preventing subsequent rupture or enlargement. Unfortunately, some aneurysmal necks cannot be occluded directly, particularly in cases of giant, fusiform, or certain atherosclerotic aneurysms. In these instances, the parent artery, branches, or perforating vessels may be incorporated into the neck. In addition, thrombus or calcified atheroma can make the neck stiff, or adequate exposure may not be possible because of the large size or hidden position of the aneurysm.' ,. suggested that basilar artery occlusion need not be fatal, and in fact some patients may survive with little or no deficit. ~'9~4" 27 In 1975, early experience with the technique of therapeutic vertebrobasilar occlusion was presented,'-' emphasizing the importance of the posterior communicating arteries as potential collateral vessels for the brain stem after Hunterian ligation. Other cases of deliberate ligation of the basilar or vertebral arteries have since been reported, 3"2~'3~'3s '38"4~ and a microtour-G. K. Steinberg, C. G. Drake, and S. J. Peerless niquet device, reversible clamps, and balloon occlusion were developed to allow temporary trial occlusion of the basilar or vertebral arteryJ ],t2. 30 Over the past 23 years, we attempted Hunterian ligation of the basilar and vertebral arteries in 201 patients with vertebrobasilar aneurysms where direct clipping of the aneurysmal neck was considered infeasible. This series provides a unique opportunity to examine the immediate and long-term consequences of vertebrobasilar occlusion and to assess the success of Hunterian ligation in the management of these difficult posterior circulation aneurysms.
Clinical Material and Methods

Patient Population
A retrospective analysis was conducted of 201 patients undergoing deliberate vertebral or basilar artery occlusion as treatment for posterior fossa aneurysms. This study includes patients surgically treated at University Hospital, London, Ontario, Canada (189 cases) and Stanford University Medical Center, Stanford, California (12 cases). Patients ranged in age from 4 to 71 years, with 131 patients older than 40 years and 70 patients aged 40 years or younger. There were 82 males (41%) and 119 females (59%). Ninety-four patients (47%) presented with mass effect and brain-stem compression only, 88 (44%) with subarachnoid hemorrhage (SAH) only, four (2%) with transient ischemic attack (TIA) or stroke only, and 15 (7%) with headache only. More than one presenting symptom was observed in 21 patients (10%). Including patients with multiple presenting symptoms, 115 patients (57%) had mass effect and 18 (9%) had TIA or stroke. Of those patients with SAH, treatment was carried out in relationship to day of hemorrhage as follows: four patients on Days 0 to 3, 19 on Days 3 to 4, 18 on Days 15 to 29, and 47 at 1 month or later.
Aneurysm Size and Location
The aneurysm was giant (> 25 ram) in 174 patients, large (12 to 25 ram) in 25, and small (< 12 ram) in two. Thirty-four aneurysms were classified as fusiform. The aneurysm locations were as follows: basilar bifurcation (71 cases), superior cerebellar artery (12 cases), basilar trunk (46 cases), vertebrobasilar junction (35 cases), and vertebral artery (37 cases). Occlusion was performed in 85 upper basilar arteries (immediately proximal to the superior cerebellar arteries in 84 cases and between the superior cerebellar and posterior cerebral arteries in one; 46 by direct clipping and 39 by tourniquet), 41 lower basilar arteries (25 above the anterior inferior cerebellar arteries (AICA's) and 16 below the AICA's), 29 bilateral vertebral arteries, and 48 unilateral vertebral arteries (Figs. 1 to 5). A total of 63 vertebral arteries were ligated proximal to the posterior inferior cerebellar artery (PICA) and 43 vertebral arteries distal to the PICA. In earlier years the vertebral artery was occluded low in the neck (vertebral triangle) but more recently occlusion was performed intraeranially or extracranially at the C-I level to discourage reconstitution from the deep cervical collateral vessels. In three patients with single vertebral arteries supplying the basilar artery preoperatively (an anatomical variant), treatment was considered as bilateral vertebral artery occlusion. Eight patients included in the upper basilar artery ligation group had patent basilar arteries due to an inability to tolerate complete tourniquet occlusion (four patients) or neurological deterioration before tightening of the tourniquet (four patients).
Surgical Treatment
Most arterial ligations were performed using a clip with the patient anesthetized. However, when there was a concern about adequate collateral flow, a tourniquet was passed around the basilar or vertebral artery (50 cases) or a clamp placed on the cervical vertebral artery (16 cases) for subsequent occlusion with the patient awake. The tourniquet technique has been described previously.~3~ A high-grade stenosis instead of complete occlusion was performed in a few cases. Eight patients had balloon occlusion of a vertebral artery under angiographic control while conscious. Fourteen aneurysms were trapped by arterial occlusion proximal and distal to the aneurysm.
Clinical Grading
Clinical grading preoperatively and after surgery was as follows: excellent, able to work with no neurological handicaps; good, having a neurological deficit but able to work and live independently; poor, suffering a severe disabling neurological deficit and dependent on nursing or family help; or dead. Postoperative neurological deterioration was classified as due to vertebrobasilar is- swelling of the thrombosed aneurysm on computerized tomography, or sudden onset of symptoms with lack of immediate clinical response to induced hypertension and volume expansion). We further classified ischemic postoperative complications as immediate (occurring upon awakening in the recovery room or within 30 minutes of tourniquet arterial occlusion), early (1 to 24 hours after arterial occlusion), or delayed (2 to 10 days postocclusion).
Angiography
Whenever possible, the size of the posterior communicating arteries on the preoperative unmagnified arteriogram was classified as small (< 1 mm) or large (_> 1 mm). An Allcock test ~2' 3~ with compression of one or both carotid arteries during vertebral injection was performed preoperatively in most cases where a posterior communicating artery was not visualized during carotid injection. The degree of aneurysm thrombosis postoperatively was determined in 200 of the 201 patients by postoperative angiography including carotid injections or, in a few cases, at autopsy. Thrombosis was classified as complete (no contrast filling), virtually complete (contrast filling of only an ectatic aneurysmal base where major arteries emerged, usually no more than 5 mm but occasionally as large as 12 ram), or incomplete (substantial filling of the sac). Figures 1 to  5 show examples of these varying degrees of aneurysm thrombosis after proximal parent artery ligation.
Follow-Up Study
Follow-up evaluation was accomplished via written correspondence with local neurosurgeons or family doctors, or by telephone conversations with the patient or a family member. The clinical follow-up period ranged from 1 to 23 years (mean 9.5 years), with 96% of the patients being followed for at least 2 years and 82% of patients for at least 5 years. Late neurological complications were defined as those occurring after 1 month.
Statistical Analysis
Statistical analysis between groups was performed using a chi-squared test. A p value of less than 0.05 was considered significant.
Results
Clinical Outcome
The overall outcome at latest follow-up evaluation in the entire series of vertebrobasilar artery occlusions was excellent in 68% of patients, good in 5%, and poor in 3%; 24% died (Table 1) . We consider these results as successful (excellent or good) in 73% and unsuccessful (poor or dead) in 27%. Four patients died 5 months to 10 years following surgery of causes unrelated to their aneurysm or arterial ligation; these four were graded according to their neurological condition immediately prior to their illness or accident. The presenting grade of the patient had a significant influence on the ultimate outcome ( Table 2) . Seventy-eight of the 201 patients were in excellent condition preoperatively and 86% of these individuals achieved an excellent outcome. Of the 57 patients presenting in good condition, 72% had an excellent or good outcome; however, of the 66 patients presenting in a poor condition, only 54.5% had an excellent or good outcome. Patients aged 40 years or younger had better long-term outcomes than those aged over 40 years (87% vs. 65% with a successful result, respectively; p = 0.0007).
The presenting symptom was also related to longterm outcome (Table 2 ). Patients presenting with SAH achieved a better result than those presenting with mass effect and brain-stem compression (81% vs. 61% with an excellent or good outcome, respectively). However, prior to treatment 50% of SAH patients were in excellent condition while only 17% of patients with mass effect were so graded. Thus, the apparent advantage in outcome for SAH patients may be related to their more favorable preoperative clinical condition. When longterm outcome was analyzed by day of treatment in relation to day of SAH, patients undergoing delayed treatment fared somewhat better than those undergoing early treatment. Of the 41 patients treated between Days 0 and 29 following hemorrhage, 71% had an excellent or good outcome compared with 89% of the 47 patients treated at 1 month or later. Excellent or good outcome for subgroups treated between Days 0 and 29 post-hemorrhage was as follows: Days 0 to 3, 75% of the four patients; Days 3 to 14, 74% of the 19 patients; and Days 15 to 29, 67% of the 18 patients. Patients presenting with only stroke/TIA or headache had the best long-term outcome of any group (100% and 93% with an excellent/good result, respectively), but the numbers of patients in these two groups were small (four and 15 patients, respectively) compared with patients presenting with either SAH (88 patients) or mass effect without SAH (94 patients).
The long-term results by aneurysm site are shown in Table 3 . Success rates (excellent or good results) are highest for vertebral artery aneurysms (86.5%), intermediate for vertebrobasilar junction aneurysms (74%) and basilar trunk aneurysms (76%), and lowest for basilar bifurcation and superior cerebellar artery aneurysms (64%). Patients having atherosclerotic, fusiform S-shaped basilar trunk aneurysms did particularly poorly, with four of five patients dying and only one having an excellent final outcome.
Long-term results also varied as a function of arterial occlusion site. Patients with unilateral vertebral artery and lower basilar trunk occlusions had the best outcome (82% and 83% with excellent/good outcome, respectively) while upper basilar artery and bilateral vertebral artery occlusions resulted in favorable outcomes in 64% and 66%, respectively. Of some relevance may be the fact that patients undergoing lower basilar trunk occlusion were much younger (76% aged _ 40 years) than those having arterial [igations at other sites. Included in the upper basilar artery occlusion group were four patients who were unable to tolerate arterial occlusion and therefore did not have their basilar artery occluded; these patients all died 1 month to 4 years following attempted occlusion from complications related to the aneurysms or to subsequent surgery. There was no statistically significant difference in long-term outcome between direct clipping of the upper basilar artery versus tourniquet occlusion (p = 0.15), between lower basilar occlusions below the AICA compared with those above it (p = 0.92), or for vertebral occlusion above the PICA compared with below it in patients with unilateral vertebral artery occlusion (p = 0.42).
Clinical outcome at 1 month following surgery differed from the 1-year and long-term outcome (Table  4) . Results at 1 month were excellent in 34%, good in 29%, and poor in 25%; 12% were dead. At 1 year, outcome was excellent in 52%, good in 18.5%, and poor in 10%; 19.5% were dead. At long-term evaluation, results were excellent in 68%, good in 5%, and poor in 3%; 24% were dead. Patients in excellent condition preoperatively remained so at the 1-year and long-term evaluations. Most patients in good condition at 1 month improved to excellent at long-term study, with much of the improvement occurring in the 1st year. While some patients in poor condition at 1 month postoperatively remained in poor condition or died, many improved to good or excellent during long-term follow-up monitoring.
Of particular note were 57 patients with evidence of severe brain-stern compression preoperatively whose significant symptoms improved or resolved completely after arterial occlusion. Ten of these patients had evacuation of the thrombosed aneurysm mass, while 47 did not undergo thrombectomy. There were several dramatic examples of patients with hemiplegia and severe lower cranial nerve palsies or "locked in" syndrome who made a complete neurological recovery within 1 year following surgery.
Trapping of the aneurysm was employed in 14 patients (five with basilar trunk, four with vertebrobasilar junction, and five with vertebral artery aneurysms) to allow for opening of the sac, removal of clot, and decompression of a seriously compressed brain stem. Remarkably, more than one-half of the patients undergoing basilar artery trapping (five of nine patients) survived with excellent final outcomes, including two patients with quadri-and bulbar paresis who bad required artificial respiration and in spite of the fact that the AICA's originated from the trapped segments. Fortunately, in all vertebral artery trappings, the PICA could be spared just above the aneurysm and all five patients did well clinically.
Mode of Deterioration
A detailed analysis was conducted of the mode of deterioration following attempted basilar or vertebral artery ligation. Overall, 50 patients (25%) suffered a major neurological deficit in the first 4 weeks following Hunterian ligation or after surgery to place but not tighten the tourniquet; however, many of these patients ultimately made a good recovery. Table 5 lists the mode of neurological deterioration following surgery according to arterial occlusion site. The neurological status in seven patients deteriorated as a direct result of surgical trauma, including patent basilar arteries after tourniquet placement or exploration only in two patients, :~ Resolution of neurological deficit after opening arterial clamp.
inadvertent clipping of both AICA's or perforator vessels in three, probable rupture of the basilar artery after upper artery tourniquet tightening in one, and aphasia with hemiparesis from temporal lobe retraction in one. Aneurysmal SAH in the 1st week following surgery caused neurological worsening in 12 patients, all with incompletely thrombosed aneurysms. In four of these patients the basilar tip was fully patent (tourniquet not tightened) and in two the basilar artery was incompletely occluded (one deliberate stenosis and one inaccurate clip placement). Two patients with vertebrobasilar junction aneurysms suffered aneurysm rupture with acute SAH 2 days and 4 days after occlusion of one vertebral artery. Vasospasm was responsible for neurological deterioration in five patients. Vertebrobasilar ischemia after arterial occlusion or surgery caused irreversible neurological worsening in 26 patients (13%). Table 6 summarizes these results and also includes patients with reversible ischemic neurological worsening. Hemodynamic insufficiency occurring immediately after occlusion was implicated in one case. Six additional patients who were not anesthetized while undergoing upper basilar artery tourniquet trial occlusion developed deficits immediately or within 25 minutes after occlusion, including vertical gaze palsies, internuclear ophthalmoplegia, dilated pupils, hemiparesis, drowsiness, or quadriplegic unresponsiveness. All deficits resolved completely after release of the tourniquet. In four of these patients, subtotal basilar artery stenosis was attempted; one patient was unable to tolerate even 50% stenosis and two patients eventually tolerated 70% and 80% stenosis. The fourth patient tolerated 90% stenosis after her systolic blood pressure was raised to 180 mm Hg and, 1 week later, arteriography showed complete occlusion of the basilar artery. Two other patients developed signs of midbrain ischemia at 5 and 12 hours after upper or lower basilar artery occlusion. Their deficits resolved with intravascular volume expansion; in one case, induced hypertension was continued for several weeks. Another patient with Extension of thrombus distally or proximally from the arterial occlusion site was responsible for brain-stem ischemia in seven patients immediately after arterial occlusion (four upper basilar, two lower basilar, and one bilateral vertebral), in 13 patients between 1 and 24 hours after arterial occlusion (five upper basilar, two lower basilar, and six bilateral vertebral), and in five patients at 2 to 10 days after proximal artery ligation (two upper basilar, two bilateral vertebral, and one unilateral vertebral).
Posterior Communicating Artery Size
Among the upper basilar artery occlusions, there was significant correlation between ability to tolerate basilar artery occlusion and the size of the posterior communicating arteries preoperatively (p = 0.004) ( Table 7) . Only one (4%) of 27 patients with two large posterior communicating arteries developed signs of brain-stem ischemia, while nine (26%) of 35 patients with one small and one large posterior communicating artery did not tolerate occlusion. The highest risk group for upper basilar artery occlusion included those patients having two small posterior communicating arteries, with nine (45%) of 20 showing ischemic deficits after occlusion. The size of the posterior communicating arteries was also correlated with tolerance of lower basilar artery occlusions (p = 0.036). Brain-stem ischemia developed in two (8%) of 24 patients with two large posterior communicating arteries, in none (0%) of six patients with one large and one small posterior communicating artery, and in three (43%) of seven patients with two small posterior communicating arteries.
The size of the posterior communicating arteries also predicted long-term clinical outcome in patients undergoing upper (p = 0.013) or lower (p --0.12) basilar artery occlusion. Among patients with upper basilar artery occlusion, excellent or good results were achieved in 22 (81%) of 27 with two large posterior communicating arteries, in 23 (66%) of 35 with one large and one small posterior communicating artery, and in eight 
Aneurysm Thrombosis
Stasis of contrast material within the aneurysmal sac was often noted immediately after Hunterian ligation, and aneurysm thrombosis occurred most frequently within 1 month. Of 60 incompletely thrombosed aneurysms at 1 month following surgery, 17 subsequently thrombosed over a variable period of 3 months to 1 year and 43 were still incompletely thrombosed on repeat angiography 3 to 18 months later. Aneurysm thrombosis was complete in 105 patients, virtually complete in 52, and incomplete in 43. This represents successful thrombosis in 79% of all aneurysms with attempted Hunterian ligation. If eight patients with patent basilar arteries (due to intolerance of tourniquet occlusion) are excluded, the rate of thrombosis is 82%. A detailed summary of successful thrombosis by aneurysm location and site of arterial occlusion is presented in Table 8 . In general, the closer the proximal arterial occlusion to the aneurysm site, the more likely it is that complete or virtually complete thrombosis will occur. However, the largest percentage of incomplete thrombosis was noted for basilar apex aneurysms following upper basilar artery occlusion, and one very large posterior communicating artery often seemed responsible for persistent filling of the sac in the region of the basilar bifurcation.
Late Neurological Complications
Discrete vertebrobasilar ischemic events, progressive neurological deterioration, or SAH after discharge from the hospital occurred in 19 patients. There was a dramatic difference between patients with successful thrombosis and those with incomplete thrombosis in the type, severity, and proportion of patients developing (Table 9 ). Of 29 patients with incompletely thrombosed aneurysms who survived at least 6 weeks postoperatively, 13 (45%) had late neurological complications; these complications proved fatal in 11 (85%). Among 148 patients with completely or virtually completely thrombosed aneurysms who survived at least 6 weeks, there were six late neurological complications (4%), none of which was fatal.
In the incompletely thrombosed aneurysm group, there were five patients with gradual neurological deterioration over a period of 7 months to 4 years, secondary to increasing aneurysm size and brain-stem compression. Four of these patients died and one underwent successful direct clipping of the aneurysmal neck. One of these patients showed dramatic enlargement of a basilar bifurcation aneurysm with midbrain compression and hydrocephalus, despite upper basilar artery occlusion 1 year previously (Fig. 5) . She subsequently underwent copper-wire introduction into the aneurysm, but died of persistent brain-stem compression. Also among the patients with incompletely thrombosed aneurysms were two patients who suffered fatal brainstem strokes. One of these patients with a partially thrombosed giant superior cerebellar artery aneurysm did not tolerate upper basilar artery tourniquet trial occlusion or stenosis, and was discharged in excellent condition but with a completely patent basilar artery. One year later she developed rostral brain-stem TIA's, became comatose and died. Autopsy revealed complete aneurysm thrombosis with extension of thrombus into the basilar artery, basilar bifurcation, and perforating arteries; there was also infarction of the pons and midbrain. Another patient with a small basilar bifurcation aneurysm developed extraocular palsies and gait ataxia 2 months after upper basilar artery occlusion. One week later, he suddenly became "locked in" and deterioration was thought to be due to thrombosis with pontine infarction. Six patients with incompletely thrombosed aneurysms suffered SAH 6 months to 2 years after surgery; five of the hemorrhages were fatal. One of these patients bled from a vertebrobasilar junction aneurysm 13 months after one vertebral artery was occluded. Twelve other patients with incompletely thrombosed aneurysms died of SAH within 6 weeks after surgery.
In the group of patients with completely thrombosed aneurysms, three patients experienced late vertebrobasilar TIA's occurring 6 weeks, 2 months, and 20 months following upper or lower basilar artery occlusion. In one case, the patient's symptoms were postural, suggesting a hemodynamic mechanism, and these resolved spontaneously. In the other two patients, thromboembolism was implicated and the symptoms resolved without recurrence, in one instance after temporary anticoagulation. One patient with a virtually completely thrombosed giant basilar bifurcation aneurysm experienced a minor vertebrobasilar stroke 18 months after upper basilar artery occlusion. His symptoms subsided completely within 1 month and he has remained neurologically normal for the last 10 years. Two patients with completely thrombosed giant vertebrobasilar junction aneurysms developed progressive late neurological dysfunction. One had undergone intracranial clipping of the right vertebral artery only, but postoperative angiography also disclosed thrombosis of the left vertebral artery distal to the PICA and thrombosis of the aneurysm. One year after surgery, he developed slowly progressive brain-stem and cerebellar signs. Repeat angiography revealed recanalization of the left vertebral artery causing refilling and enlargement of the aneurysm. The left vertebral artery is to be occluded in another country. The other patient presented with a right cerebellopontine angle syndrome from a fusiform giant vertebrobasilar junction aneurysm that did not fill from the left vertebral artery. One year after successful right vertebral artery occlusion and thrombosis of the aneurysm, he suffered transient worsening of his symptoms but improved to baseline. Two years later, he began to experience slowly progressive exacerbation of the cerebellopontine angle syndrome which has stabilized after 10 years. The cause of gradual deterioration in this patient is not known, but may have been progressive aneurysm thrombosis and swelling with brainstem compression.
Collateral Vessel Supply
After upper basilar artery occlusion, the most common collateral blood supply to the basilar bifurcation, posterior cerebral arteries, and superior cerebellar arteries was one or both posterior communicating arteries. Other important collateral vessels were leptomeningeal anastomoses between the PICA or the AICA and distal branches of the superior cerebellar arteries (Fig. I) . Following lower basilar artery occlusion, again the posterior communicating arteries most consistently supplied flow retrograde to the upper basilar artery distal to the ligation site (Fig. 2) . Much less frequently, leptomeningeal collateral vessels from the PICA to the AICA, from the AICA to the superior cerebellar arteries, or from the PICA to the superior cerebellar arteries developed.
In most cases of bilateral vertebral artery occlusion, the posterior communicating arteries supplied blood retrograde to the basilar tip, the basilar trunk, the AICA's, and often the PICA if the vertebral artery was clipped below this vessel (Fig. 3) . Other less common collateral vessels for the basilar artery of the PICA were occipital, cervical, vertebral, or anterior spinal arterial branches. After unilateral vertebral artery occlusion, the contralateral vertebral artery filled the basilar artery and the distal ipsilateral vertebral artery in a retrograde fashion (Fig. 4) . If the contralateral vertebral artery was small, the posterior cerebral or upper basilar arteries were filled from carotid injections via the posterior communicating arteries. For unilateral vertebral artery occlusion proximal to the PICA, the contralateral vertebral artery often supplied the PICA. Cervical, occipital, or distal branches of the AICA occasionally filled the ipsilateral PICA.
On many occasions, large perforator vessels were observed at surgery to arise from fusiform or partially fusiform aneurysms, yet patients tolerated complete thrombosis of the aneurysm and that segment of the basilar or vertebral artery without developing brainstem ischemia. It is presumed that in these cases there exist deep collateral vessels to brain-stem perforator territory.
Discussion
Natural History of Intracranial Aneurysms
Intracranial aneurysms that are difficult to clip directly pose a challenging problem for neurosurgeons. This situation is most commonly encountered with giant aneurysms, and 87 % of the patients in the present study had giant aneurysms. In series reported by Drake and colleagues, ~,3~ neck clipping was impossible for 66% of 354 giant vertebrobasilar aneurysms. Although there are a few reported cases of spontaneous thrombosis involving giant aneurysms, io.34 the natural history of most untreated giant aneurysms appears extremely poor. Within 5 years of clinical presentation, approximately 80% of patients with untreated giant aneurysms are severely disabled or dead secondary to cerebral and brain-stem compression, thrombosis of critical arteries, or SAH. 7~32~:~':93~ Among 17 patients with giant aneurysms reported by Bull, 7 four died after progressive neurological deterioration 10 months to 4 years following initial presentation (mean 2 years) and 10 suffered severe morbidity, including progressive blindness, dementia, or hemiparesis over a period of 4 months to 20 years (mean 5 years). This is a combined serious morbidity and mortality rate of 82%. Morley and Barr 2~ presented 16 patients with extracavernous giant aneurysms who were followed for 1 to 23 years after presentation; 75% of these patients suffered disabling neurological worsening (10 patients) or died (two patients) over this period of time (mean 12 years) from mass effect or SAH. In another group of 31 patients harboring giant aneurysms who either were untreated or underwent operative exploration without surgical treatment, 68% had died at 2 years and 84% at 5 years, with the remaining patients severely disabled. 3~
The prognosis for untreated posterior circulation giant aneurysms is particularly grim. 7-13' 25 All eight patients in the series reported by Bull 7 died or became disabled within 4 months to 8 years after presentation. Michael -~5 reported six cases of conservatively managed giant basilar or vertebral artery aneurysms; five (83%) of these patients died from neurological causes 1 to 3 89 years after initial presentation. In another series, four (80%) of five patients with untreated giant posterior fossa aneurysms died within 2 yearsJ ~ The natural history of asymptomatic giant aneurysms or those presenting with headache alone is less well defined than for symptomatic lesions. However, several reports suggest that even clinically silent giant aneurysms tend to continue enlarging over time. e2~ In our series, 93% of the patients presented with neurological symptoms and signs (brain-stem compression, SAH, TIA's, or stroke) and 7% with headache only.
Clinical Outcome After Treatment and Importance of Collateral Blood Supply
In the present group of 201 patients undergoing attempted Hunterian ligation for treatment of their posterior circulation aneurysms, a successful long-term outcome was achieved in 75% of the patients. This is favorable when compared with a good or excellent outcome in 20% of untreated or medically managed patients. Even with these encouraging results, 25 % of the patients died or otherwise had a poor outcome. This was attributed to a poor preoperative condition, neurological worsening after surgery (including SAH), and late neurological complications occurring primarily in patients with incompletely thrombosed aneurysms.
Of the patients presenting with SAH, 81% achieved an excellent or good long-term outcome compared with 61% in patients presenting with mass effect and brainstem compression without SAH. This may relate to the fact that one-half of the SAH patients were in excellent condition prior to treatment compared with only 17% of patients presenting with mass effect. Because of our referral patterns from outside hospitals, it is probable that SAH patients in better clinical grade were referred for treatment. In our series, 53% of the SAH patients were treated at 1 month or later following the day of hemorrhage, and these patients had a somewhat more favorable outcome than those patients treated 0 to 29 days post-hemorrhage (89% vs. 71% with an excellent or good result, respectively). There did not appear to be a definite disadvantage to operating between Days 3 and 14 post-hemorrhage since 75% of the patients had a favorable outcome, but the number of patients in this subgroup is small (18 patients).
Twenty-six (13%) of 201 patients experienced irreversible ischemic deterioration after Hunterian ligation or surgery. We found that these patients deteriorated immediately or in the 1st postoperative week. It seems that the 10 days following basilar or vertebral artery ligation are the most critical in determining tolerance. This is consistent with some clinical reports of spontaneous basilar or vertebral artery occlusion 6-~ but is at variance with a longer period of neurological deterioration found in another series. ~ Tolerance for vertebrobasilar artery occlusion is clearly related to the potential of collateral vessels to maintain brain-stem perfusion. Inability to establish adequate collateral flow results in hemodynamic ischemia but, more importantly, may allow for excessive thrombosis. While hemodynamic insufficiency occurred in 10 of our patients after basilar or vertebral artery occlusion, these deficits could be reversed in the majority (nine cases) by opening the occlusive device or instituting treatment with volume expansion and hypertension. The brain stem appears remarkably resistant to hemodynamic ischemia. A more troublesome problem after Hunterian ligation was brain-stem ischemia from progressive thrombosis or thromboembolism, resulting in occlusion of major arteries or perforator vessels and irreversible deficits (25 patients). The proximity of critical branches to the thrombosing aneurysmal neck predisposes to this complication, although occasionally in some other patients occlusion of such perforator vessels was clinically tolerated.
The most important collateral vessels following basilar or bilateral vertebral artery occlusion are the posterior communicating arteries. Autopsy findings have shown that the small size of the posterior communicating arteries is correlated with an increased incidence of cerebral infarction, 5 and angiographic reports have demonstrated carotid supply of the brain stem via the posterior communicating arteries after vertebrobasilar artery occlusion. 1':427 We found that after basilar or bilateral vertebral artery ligation, the posterior communicating arteries are the most frequent source of blood supply to the brain stem distal to the occlusion site. We also observed leptomeningeal anastomoses between the PICA, the AICA, and the superior cerebellar arteries, and extracranial-intracranial anastomoses between occipital or cervical vessels and the basilar artery or the PICA. The significance of these various collateral vessels has been previously noted. 24 It also appears from our series that a perforator collateral blood supply exists in the brain stem, similar to that for the lenticulostriate perforator vessels.
The present series of vertebrobasilar artery ligations suggests that some sites are better tolerated than others and that the aneurysm site is a predictor of clinical outcome. As expected, the patients undergoing unilateral vertebral artery occlusion for vertebral artery aneurysms had the lowest incidence of ischemic complications (3%), undoubtedly related to the ability of the contralateral vertebral artery to supply blood to the basilar artery and to the ligated vertebral artery distal to the occlusion site. Others have suggested that vertebral artery occlusion proximal to the PICA carries greater risk than occlusion distal to the PICA 4~ but this was not true in the present series or in the series reported by Bogousslavsky, et al. 6 An excellent or good outcome was achieved in 87% of patients with vertebral artery aneurysms. Lower basilar artery occlusion was also well tolerated, with only 11% of patients developing irreversible ischemic neurological deficits and 76% of patients with basilar trunk aneurysms doing well (excellent or good outcome). It is possible that the younger age of these patients contributed to better tolerance for occlusion. Bilateral vertebral artery occlusion caused irreversible neurological problems in 23% of patients. Although 74% of patients with vertebrobasilar junction aneurysms had an excellent long-term outcome, 23% of these patients showed initial postoperative thromboembolic complications. Staged occlusion of one vertebral artery to be followed by later occlusion of the other vertebral artery for treatment of vertebrobasilar junction aneurysms may represent a potentially dangerous situation by changing the hemodynamic forces and significantly raising the intra-aneurysmal pressure at a specific pointJ 5 We observed two such patients who suffered acute SAH shortly after occluding one vertebral artery, and another similar case has been described (D Samson, personal communication, 1991). Upper basilar artery occlusions for basilar artery aneurysms carried a 14% risk of irreversible ischemic complications, with another 8% of patients unable to tolerate complete basilar artery occlusion but showing reversible ischemia with release of the tourniquet. The poorer long-term outcome in patients with basilar apex aneurysms (64% with an excellent or good outcome) was related to subsequent SAH in incompletely thrombosed aneurysms, surgical trauma to perforator vessels, and vasospasm secondary to the initial hemorrhage, in addition to ischemic complications after arterial occlusion.
Posterior Communicating Artery Size
A previous report ~-~ found a trend (not statistically significant) between poor overall outcome after vertebral or basilar artery occlusion and the presence of one or two small (< 1 mm) posterior communicating arteries. In the present study examining deterioration only from ischemic causes, we found that the presence of one or two small posterior communicating arteries correlated significantly with an increased risk of developing brain-stem ischemia after upper (p = 0.004) or lower (p = 0.036) basilar artery occlusion; two small posterior communicating arteries represented the highest risk group. However, the correlation was not perfect since some patients with two small posterior communicating arteries still tolerated basilar artery occlusion and patients with two large posterior communicating arteries very occasionally suffered ischemic deterioration after occlusion (three of 51 patients).
.4neurvsm Thrombosis
In our series, 78% of patients undergoing Hunterian ligation developed successful aneurysm thrombosis. Patients with virtually complete thrombosis (filling of the ectatic aneurysmal base) did not have an increased risk of TIA, stroke, SAH, or progressive enlargement of the aneurysm compared with completely thrombosed aneurysms. We consider both complete and virtually complete thrombosis to signify successful treatment of the aneurysm. It was demonstrated that thrombosis is most likely to occur if the parent artery is ligated close to the aneurysm, since ligation at a distance may allow collateral flow to maintain the patency of the aneurysmal lumen. Patients with incompletely thrombosed aneurysms have a poor long-term outcome, developing complications related to growth or rupture of the aneurysm. In this respect, their outcomes may reflect the natural history of untreated giant vertebrobasilar artery aneurysms. Of the 43 patients with incompletely thrombosed aneurysms, 29 developed early or late neurological deterioration from SAH, brain-stem compression, or brain-stem stroke. The neurological complications were fatal in 86% of these patients.
Late Neurological Complications
Late ischemic complications have been reported after spontaneous occlusion or deliberate ligation of the carotid artery. 4"3s Caplan 9 followed 10 patients with vertebrobasilar strokes and angiographically verified basilar or vertebral artery occlusion. The follow-up period ranged from 6 months to 6 years. No patient developed late ischemic complications or worsening; however, most of these patients were treated with a long-term course of warfarin or aspirin. Another report 6 of 17 patients with proven bilateral vertebral artery occlusion followed for 6 months to 10 years found three late vertebrobasilar TIA's (17.6%) and one late vertebrobasilar stroke (5.9%). One-half of these patients were treated chronically with antiplatelet agents. In our study, six (3%) of 177 patients experienced late ischemic events (TIA's or minor strokes in four and fatal strokes in two) up to 18 months following basilar or bilateral vertebral artery ligation; these complications were secondary to thrombosis, embolism, or (in one case) hemodynamic ischemia. Our long-term series may have selected out patients intolerant to vertebrobasilar artery occlusion who did not survive more than 6 weeks.
Recovery of Brain-Stem Dysfunction
Improvement in brain-stem neurological deficits occurred most dramatically within the 1st year following surgery but continued for up to 10 years in some patients. While over one-half of the patients in poor condition at 1 month either remained so or died, the other patients made an excellent or good recovery. A similar dramatic recovery in neurological function has been shown over a several-year period following surgery for intracranial arteriovenous malformations. ~' Yhrombectomy was sometimes necessary, to decompress the brain stem, but over 80% of patients with severe brainstem compression preoperatively improved without evacuation of the thrombus. With complete or virtually complete thrombosis of the aneurysmal sac and after a period of several days to a few weeks of slight enlargement of the aneurysm, we have routinely observed progressive, even dramatic, shrinkage of the aneurysm mass. The ability of the brain stem to recover after compression injury is remarkable.
Future Developments
Endovascular balloon occlusion of either vertebrobasilar artery aneurysms directly or their parent artery has been reported. 3"'S-'7~-~ However, even among the most experienced groups, this technique is not always successful and carries a significant complication rate related to SAH, balloon migration, spontaneous recanalization, uncontrolled thrombosis and delayed ischemia, or aneurysm enlargement following subtotal occlusion. 3"~5" 16"2~ In one series with a follow-up period of 2 to 43 months after balloon embolization for posterior circulation aneurysms, 40% of patients suffered major neurological disability or died. 2~ Endovascular intra-aneurysmal coil thrombosis has recently been utilized to treat vertebrobasilar artery aneurysms, including large or giant lesions, but long-term followup evaluation in these patients is still lacking. ~8 Future developments in endovascular balloon occlusion methods or coil thrombosis techniques may broaden the indications for their use. Presently, we recommend operative exploration of most giant posterior circulation aneurysms, except in nonsurgical candidates, since direct aneurysmal neck clipping is sometimes possible and is still the preferred treatment. Direct aneurysmal neck occlusion using deep hypothermia and complete circulatory arrest under cardiopulmonary bypass conditions also appears to be a useful technique in selected eases. 36, 37.39 Basilar or vertebral artery occlusion even with trapping is a feasible therapeutic option for posterior circulation aneurysms not accessible to direct aneurysmal neck occlusion. However, there is still significant risk of acute ischemic deterioration. It may be possible to decrease the incidence of these complications in the future. For patients with intolerance to temporary arterial occlusion and hemodynamic ischemia, stenosis instead of complete occlusion and intravascular volume expansion with induced hypertension is sometimes successful. The role of posterior fossa extracranial-intracranial bypass for patients with giant vertebrobasilar aneurysms undergoing Hunterian ligation is not known. Although theoretically this procedure might decrease the risk of hemodynamic ischemia, it is technically difficult to perform and would probably not prevent thromboembolic complications. Furthermore, a highflow bypass graft might discourage successful aneurysm thrombosis unless the aneurysm were trapped. The use of subcutaneous heparin, antiplatelet agents, subtotal arterial stenosis, or new detachable balloons or endovascular coil techniques might decrease the risk of ischemic deterioration due to thrombosis or embolism.
